The Hedgehog cell-cell signaling pathway is crucial for animal development, and its misregulation is implicated in numerous birth defects and cancers. In unstimulated cells, pathway activity is inhibited by the tumor suppressor membrane protein, Patched. Hedgehog signaling is triggered by the secreted Hedgehog ligand, which binds and inhibits Patched, thus setting in motion the downstream events in signal transduction. Despite its critical importance, the mechanism by which Hedgehog antagonizes Patched has remained unknown. Here, we show that vertebrate Patched1 inhibition is caused by direct, palmitate-dependent interaction with the Sonic Hedgehog ligand. We find that a short palmitoylated N-terminal fragment of Sonic Hedgehog binds Patched1 and, strikingly, is sufficient to inhibit it and to activate signaling. The rest of Sonic Hedgehog confers high-affinity Patched1 binding and internalization through a distinct binding site, but, surprisingly, it is not absolutely required for signaling. The palmitate-dependent interaction with Patched1 is specifically impaired in a Sonic Hedgehog mutant causing human holoprosencephaly, the most frequent congenital brain malformation, explaining its drastically reduced potency. The palmitatedependent interaction is also abolished in constitutively inhibited Patched1 point mutants causing the Gorlin cancer syndrome, suggesting that they might adopt a conformation distinct from the wild type. Our data demonstrate that Sonic Hedgehog signals via the palmitatedependent arm of a two-pronged contact with Patched1. Furthermore, our results suggest that, during Hedgehog signaling, ligand binding inhibits Patched by trapping it in an inactive conformation, a mechanism that explains the dramatically reduced activity of oncogenic Patched1 mutants.
Hedgehog | Patched | palmitate | signaling | lipid T he Hedgehog (Hh) signaling pathway is essential for embryogenesis in most animals (1, 2) , and insufficient Hh activity during development causes many birth defects, including holoprosencephaly (HPE), the most common human congenital brain malformation (3) . In adults, Hh signaling is involved in maintenance of tissue stem cells, whereas aberrant activation is implicated in cancers such as basal cell carcinoma and medulloblastoma.
In the absence of Hh stimulation, the multispanning membrane protein, Patched (Ptch) (4) , inhibits the seven-spanner protein, Smoothened (Smo) (5, 6) , thus keeping the Hh pathway off. Although the mechanism of Smo inhibition by Ptch remains unknown, it is thought to involve a small-molecule intermediate (7) , with Ptch either antagonizing a Smo activator or providing Smo with an inhibitor. This model is consistent with Ptch belonging to the RND family of small molecule pumps (7, 8) . The prototypical RND protein, AcrB from Escherichia coli, uses the energy of the proton gradient across the plasma membrane to expel small molecules from cells. RND proteins are homotrimeric and pump substrate by a rotating mechanism, in which subunits undergo ordered conformational change, powered by proton flow (9) . Whether Ptch undergoes a similar conformational cycle is unknown.
Hh signaling is activated by the secreted Hh ligand, which binds Ptch (10, 11) on the plasma membrane, causing Ptch inactivation and internalization. Although Drosophila Ptch is present throughout the cell surface, vertebrate Patched1 (Ptch1) is concentrated at the primary cilium (12), a cellular structure essential for Hh signal transduction in vertebrates (13) . Inhibition of Ptch is followed by Smo activation and translocation to the cell surface [the entire surface in Drosophila (14) or the ciliary membrane in vertebrates (15) ], which sets in motion the downstream steps of signal transduction, culminating with a transcriptional program responsible for the cellular effects of the pathway.
A key unanswered question is the mechanism of Ptch inhibition by ligand. Hh ligands are palmitoylated on a conserved N-terminal cysteine by Ski (16) , a membrane-bound O-acyl transferase. Blocking ligand palmitoylation-by genetic inactivation of Ski in Drosophila (16) and mouse (17) , by mutating the N-terminal acceptor cysteine (16, 18) , or by Ski inhibition by small molecules in cells (19) -strongly inhibits signaling. Consistent with these results, unpalmitoylated human Sonic Hedgehog (Shh) is 30 times less potent than palmitoylated Shh (16, 18) . Although unpalmitoylated Shh retains some activity, an unpalmitoylated mutant also missing the first nine residues (ShhΔ9) is completely inactive (20) , indicating that the palmitoylated N-terminal portion of Shh (comprising the fatty acid moiety and the peptide part) is essential for signaling. Interestingly, palmitoylated Shh, unpalmitoylated Shh, and ShhΔ9 bind Ptch1 with the same high affinity (20) , and furthermore, ShhΔ9 acts as a dominant inhibitor toward palmitoylated Shh by competing for Ptch1 binding (20) . Together, these results suggest that the palmitoylated N-terminal part of Shh is critical for Ptch1 inhibition at a step distinct from simple binding; however, it is unknown how this occurs.
Here, we investigate the mechanism of Ptch1 inhibition by Shh. We uncover a critical interaction between the palmitoylated N-terminal portion of Shh and an effector site in Ptch1, distinct from the high-affinity site bound by the rest of Shh. We demonstrate
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1606719113/-/DCSupplemental. that this interaction is necessary and sufficient for Ptch1 inhibition during Hh signaling. Finally, we provide evidence that the interaction is impaired in a Shh mutant causing HPE and in oncogenic Ptch1 mutants responsible for the Gorlin cancer syndrome.
Results

A Short Palmitoylated Shh Peptide Is Sufficient to Activate Hh
Signaling. Previous results indicated that the palmitoylated N terminus of Shh is necessary for signaling (20) . We asked if an N-terminal portion of Shh might also be sufficient for Hh pathway activation. In the Shh crystal structure (21) , the first ∼15 residues adopt an extended conformation and project away from the globular part that binds Ptch1 with high affinity, suggesting the possibility of assaying N-terminal Shh fragments in isolation from the rest of the ligand. We generated palm-Shh22, an N-terminally palmitoylated synthetic peptide comprising the first 22 residues of human Shh (see SI Appendix, Fig. S1 , for peptide analysis). Strikingly, palm-Shh22 triggers Hh signaling in mouse NIH 3T3 cells in a dose-dependent manner, by luciferase reporter assay (Fig. 1A) . Palm-Shh22 activity is strictly dependent on palmitoylation, as unpalmitoylated Shh22 peptide is completely inactive (Fig. 1A) . A shorter palmitoylated peptide, palm-Shh9, consisting of the first nine amino acids of Shh, is inactive (Fig. 1B) , indicating that activity requires the N-terminal Shh peptide to be above a certain length.
We verified that palm-Shh22 triggers bona fide Hh pathway activation by examining three other readouts. First, palm-Shh22 potently induces transcription of the endogenous Hh target gene, Gli1 (Fig.  1C) . Second, we assayed the initial steps of Hh signaling, which, in vertebrates, take place in primary cilia. Upon Ptch1 inhibition by Shh, Smo becomes active and accumulates in cilia (15) . Palm-Shh22 causes accumulation in cilia of both endogenous and stably overexpressed Smo ( Fig. 1 D and E) , indicating that it activates Hh signaling upstream of, or at the level of Smo, consistent with Ptch1 inhibition. Third, palm-Shh22 causes a strong decrease in Gli3 repressor (Gli3R) levels and an accumulation of Gli1 protein (Fig. 1F) , which are biochemical hallmarks of Hh pathway activation.
Similar results were obtained when Shh22 was expressed as part of a fusion protein. We took advantage of the fact that Ski palmitoylates Shh peptides as short as six residues (22) to generate palmitoylated Shh22 in cells. A fusion consisting of Shh22 attached to the N terminus of the bacterial HaloTag (HT) protein (23) (Shh22-HT) was expressed as secreted protein in 293T cells. Shh22-HT potently activates Hh signaling (Fig. 1 C and G) . Activity remains palmitoylation-dependent, as the palmitoylation site mutant, Shh22C24S-HT, is inactive (Fig. 1G) . Like synthetic palm-Shh, Shh22-HT recruits Smo to cilia (SI Appendix, Fig.  S2A ), reduces Gli3R (SI Appendix, Fig. S2B ), and increases Gli1 levels (SI Appendix, Fig. S2C ).
To rule out the possibility that palmitoylated Shh22 activates Hh signaling by somehow inducing Shh, we used the 5E1 monoclonal antibody, which binds Shh and blocks its interaction with Ptch1 (24), but does not bind Shh22 (21) . Addition of 5E1 has no effect on Shh22-HT activity but completely abolishes signaling by Shh; as expected, the small molecule Smo antagonist, SANT1 (25) , inhibits both Shh22-HT and Shh (SI Appendix, Fig. S2D ). These results are consistent with palmitoylated Shh22 inhibiting Ptch1 directly.
Finally, to exclude the possibility that HT plays a role in Shh22-HT activity, we tested Shh22-NanoLuc, a fusion in which Shh22 is attached to an unrelated protein (shrimp luciferase). As shown in Fig. 1H , Shh22-NanoLuc is strongly active in a palmitatedependent manner.
Together, these results demonstrate that the palmitoylated N terminus of Shh is sufficient for Ptch1 inhibition and for triggering Hh signaling and that, surprisingly, the rest of Shh is not absolutely required.
Palmitoylated Shh Peptide Binds Ptch1. To determine if palmShh22 inhibits Ptch1 by direct binding, Shh22-HT was fluorescently labeled by incubation with tetramethylrhodamine (TMR) halo ligand to generate Shh22-HT-TMR, which retains signaling activity (SI Appendix, Fig. S3A ). Shh22-HT-TMR was then added to Ptch1-null mouse cells stably expressing low levels of eGFP-tagged Ptch1 (Ptch1-eGFP), and its binding to Ptch1 at As in A, but with incubation with control media, or the secreted fusions Shh22-NanoLuc and Shh22C24S-NanoLuc. Shh22-NanoLuc activates Hh signaling in a palmitate-dependent manner.
primary cilia was assayed by live imaging. Shh22-HT-TMR binds robustly to cilia expressing Ptch1-eGFP ( Fig. 2A) . Binding is abolished by excess unlabeled Shh22-HT (Fig. 2B) or by synthetic palm-Shh22 (Fig. 2C) , demonstrating specificity. The interaction is palmitate-dependent, as shown by two results: (i) Shh22C24S-HT-TMR does not bind Ptch1-eGFP ( Fig. 2A) and (ii) Shh22C24S-HT, or unpalmitoylated synthetic Shh22, does not compete binding of Shh22-HT-TMR to Ptch1-eGFP ( Fig. 2 B and C) . Shh22-HT-TMR binding to cilia is strictly dependent on Ptch1-eGFP. No binding is observed in cells expressing eGFP-tagged Arl13β or Smo, two other proteins localized to cilia (Fig. 2 D and  E) . We also tested Shh22-HT-TMR binding to two Ptch1-related proteins, mouse Dispatched-A (DispA) and mouse Niemann-Pick Disease type C Protein 1 (NPC1), which, like Ptch1, contain a sterolsensing domain (SSD) and belong to the RND family. We generated cilia-localized versions of DispA and NPC1 by C-terminally fusing them to the intracellular domain of Smo (SmoICD) (Fig. 2F) SmoICD in cilia (Fig. 2G ). We also examined binding between palm-Shh22 and Ptch1 biochemically, using a palm-Shh22 peptide C-terminally tagged with biotin (palm-Shh22-biotin, Fig. 2H and SI Appendix, Fig. S1 ). PalmShh22-biotin was added to 293T cells expressing mCherry-tagged Ptch1, and the cells were lysed under nondenaturing conditions. The lysates were subjected to affinity purification on streptavidin beads, and precipitated Ptch1 was analyzed by SDS/PAGE and Peptides were added to 293T cells expressing Ptch1-mCherry, and cell lysates were affinity-purified on streptavidin beads under nondenaturing conditions. Ptch1 is pulled down in a palmitate-and biotin-dependent manner. (J) NIH 3T3 cells stably expressing Ptch1-HA were incubated with 15-azi-palm-Shh22-biotin or palm-Shh22-biotin. Palm-Shh22 was used for competition. Cells were UV-irradiated, and photocrosslinking was analyzed by denaturing affinity precipitation with streptavidin. Ptch1 is specifically photocrosslinked to 15-azi-palm-Shh22-biotin.
immunoblotting. Ptch1 is pulled down in a palmitate-dependent manner (Fig. 2I) , recapitulating the results obtained using our microscopic binding assay. Although our results strongly imply that palm-Shh22 binds Ptch1 directly, it is conceivable that the interaction is mediated by another protein. We thus developed a photocrosslinking approach ( Fig. 2H ) to investigate Ptch1 binding. We synthesized 15-azi-palmitic acid (15-azi-palm), a novel analog in which a photoreactive diazirine moiety is attached to the penultimate carbon of palmitic acid, and we used it to generate 15-azi-palmShh22-biotin peptide (SI Appendix, Fig. S1 ). Like palm-Shh22, 15-azi-palm-Shh22-biotin activates Hh signaling (SI Appendix, Fig. S3B ), indicating that the diazirine group does not perturb function. To test for direct binding to Ptch1, 15-azi-palm-Shh22-biotin was added to NIH 3T3 cells stably expressing HA-tagged Ptch1, after which cells were UV-irradiated and biotinylated proteins were isolated by denaturing streptavidin affinity to disrupt noncovalent interactions. The precipitated material was then separated by SDS/PAGE and immunoblotted with anti-HA antibodies. 15-azi-palm-Shh22-biotin labels Ptch1 in a UV-dependent manner, indicating photocrosslinking of the two molecules ( Fig. 2J and SI Appendix, Fig. S3C ). Importantly, this interaction is specific, being abolished by excess palm-Shh22. Together, these results demonstrate that palm-Shh22 binds Ptch1, including a direct contact between the palmitoyl moiety and Ptch1.
Requirements for Palmitate-Dependent Shh-Ptch1 Binding and Activity.
We asked whether palm-Shh9, which is inactive (Fig. 1B) , binds Ptch1. As shown in Fig. 3A , palm-Shh9 does not compete binding of Shh22-HT-TMR to Ptch1, indicating that palm-Shh9 does not bind Ptch1. We also asked what portion of Ptch1 is required for interaction with palm-Shh22. Two large extracellular loops (loop1, between transmembrane helices 1 and 2, and loop2, between helices 7 and 8) account for most of the extracellular surface of Ptch1. Ptch1Δloop2, a mutant missing most of loop2, suppresses Hh signaling, but does not bind or respond to Shh (7). When stably expressed in Ptch1-null cells, Ptch1Δloop2 localizes to cilia (Fig. 3B ) and reverses constitutive Hh signaling ( (Fig. 3B) , indicating that loop2 is required for interaction with palm-Shh22; however, whether loop2 is directly involved in palm-Shh22 binding remains to be determined. Furthermore, cells rescued with Ptch1Δloop2 do not respond to palm-Shh22 (Fig. 3 C and D) ; importantly, these cells respond robustly to the Smo agonist, SAG (26) , indicating that the Hh pathway is functional (Fig. 3D) . We could not test the loop1 requirement for palm-Shh22 binding and activity because Ptch1Δloop1 was inactive and did not localize to cilia, likely due to misfolding. Together, these results demonstrate that Hh pathway activation by palmitoylated N-terminal Shh peptides requires binding to Ptch1.
Holoprosencephaly-Causing Shh Mutation Abolishes Palmitate-Dependent
Interaction with Ptch1. We investigated what amino acids in palmShh22 are important for activity. We first asked if the N-terminal cysteine plays a role beyond accepting palmitate during the Skicatalyzed reaction. The palmitoylated synthetic peptide palmShh22C24S has comparable activity to palm-Shh22 (SI Appendix, Fig.  S5 ), indicating that C24 is only critical for enzymatic palmitoylation.
Because all Hh ligands are palmitoylated, we asked if, for other Hh paralogs, the fragment homologous to palm-Shh22, is also active. We generated Ihh23-HT, a fusion carrying the corresponding palmitoylated fragment of human Indian Hedgehog (Ihh) (Fig. 4A) . Like Shh22-HT, Ihh23-HT binds Ptch1 (Fig. 4B ) and triggers Hh signaling (Fig. 4C) , demonstrating that activity of the palmitoylated N-terminal peptide is conserved among Hh ligands.
We next tested the function of Shh22 residues conserved between human paralogs, Shh, Ihh, and Desert Hedgehog (Dhh) (Fig. 4A) by mutating them to alanine. Point mutants of Shh22-HT were produced in 293T cells, and their activity was measured by reporter assay. All but two mutants, Shh22P26A-HT and Shh22R28A-HT, have significant activity (Fig. 4D) , indicating that the mutated residues are not absolutely required. A trivial explanation for inactivity of Shh22P26A-HT and Shh22R28A-HT is that they are defective in palmitoylation by Ski. To exclude this possibility, we synthesized the palmitoylated peptides, palmShh22P26A and palm-Shh22R28A (SI Appendix, Fig. S1 ). PalmShh22R28A is active (Fig. 4E) , indicating that R28 is not required for signaling and that Shh22R28A-HT is perhaps inactive because it is not palmitoylated. Synthetic palm-Shh22P26A, however, is completely inactive, both by reporter assay (Fig. 4E ) and by Smo ciliary recruitment assay (Fig. 4F ). Paralleling loss of activity, P26A mutation greatly reduces binding of Shh22P26A-HT to Ptch1 (Fig.  4G) . Together, these results indicate that P26 is critical for palmShh22 binding to Ptch1 and for activity. Interestingly, P26 is mutated in some cases of HPE (3), a congenital brain malformation caused most frequently by insufficient Shh signaling during development. To define how the P26A mutation might cause HPE, we measured its effect in the context of the entire Shh ligand. ShhP26A is significantly less active than Shh (Fig.  4H) ; strikingly, activity is recovered at high doses of ShhP26A. P26A mutation is not expected to affect palmitate-independent interaction of Shh with Ptch1, given that P26 is deleted in ShhΔ9, which binds Ptch1 with high affinity. We interpret activity of ShhP26A at high concentration as being due to palmitateindependent interaction partially rescuing the defective palmitatedependent interaction.
The palmitoylated N-terminal Shh peptide includes the CardinWeintraub motif (27) , a short stretch rich in positively charged residues (K32-K38 in human Shh), which contributes to Shh binding to glycosaminoglycans (GAGs) (28) . It is conceivable that the P26 mutation might affect Shh interaction with GAGs. However, we find that unpalmitoylated Shh and ShhΔ5 (missing five residues from the N terminus) show identical salt elution profiles by heparin chromatography; the fact that P26 is deleted in ShhΔ5 suggests that P26 does not contribute significantly to interaction with heparin and thus is unlikely to affect Shh binding to GAG. Taken together, our results suggest that P26 mutation causes HPE by a novel mechanism, impairing the palmitate-dependent interaction between the N terminus of Shh and Ptch1. Ptch1 localizes to primary cilia, and, upon Shh binding, is internalized and degraded (12) . Surprisingly, palm-Shh22 has the opposite effect on Ptch1, significantly increasing its ciliary levels compared with untreated cells (Fig. 5A ). This effect is dependent on palm-Shh22 binding to Ptch1, as shown by two results: (i) Shh22C24S and palm-Shh22P26A have no effect on Ptch1 levels in cilia (Fig. 5A ) and (ii) palm-Shh22 has no effect on ciliary levels of Ptch1Δloop2 (Fig. 5C) . In contrast to their opposing effects on ciliary Ptch1, both palm-Shh22 and Shh recruit Smo to cilia (Fig. 5B ). Ptch1 accumulation in cilia caused by palm-Shh22 is rapid, becoming apparent after 15 min (Fig. 5D) . Furthermore, palm-Shh22 activates Hh signaling without causing Ptch1 degradation, in contrast to Shh (Fig. 5E) . These results indicate that palm-Shh22 directly inhibits Ptch1 and that Ptch1 internalization or degradation is not absolutely required for Hh pathway activation. However, palm-Shh22 activity is weaker than that of Shh (Fig. 5E) , so it remains possible that Ptch1 degradation is important for maximal Hh pathway activation.
We next asked what aspects of Shh are important for Ptch1 internalization. Shh, ShhC24S, and ShhΔ9 are equally effective at internalizing Ptch1 (Fig. 5F ), indicating that palmitoylation and the first nine residues of Shh are not required. In contrast to Shh, however, ShhC24S and ShhΔ9 do not recruit Smo to cilia (Fig.  5G) , and, as expected, signaling activity is greatly reduced (see SI Appendix, Fig. S6 A and perhaps because enough Ptch1 remains in cilia to suppress the pathway. Similar results are obtained whether Shh and ShhC24S are cholesterol-modified or not, indicating that the cholesterol moiety is not required for Ptch1 internalization (SI Appendix, Fig. S6C ). Finally, we asked whether the parts of Shh sufficient for Ptch1 inhibition and internalization are separable. Because palm-Shh9 is inactive and ShhΔ17 does not bind Ptch1 (20), we divided Shh into complementary fragments with break points between residues 9 and 17 (Fig. 5H) . The N-terminally deleted ligands, ShhΔ11, ShhΔ12, and ShhΔ13, induce Ptch1 internalization (Fig. 5I) . The complementary palmitoylated peptides, Shh11-HT, Shh12-HT, and Shh13-HT, activate Hh signaling, although less potently than Shh22-HT (Fig. 5J) . These results show that two activities of Shh, Ptch1 inhibition and internalization, are carried out by separable parts of Shh, suggesting a two-pronged contact between Shh and Ptch1. medulloblastoma. Two of the most severe GS mutations in human Ptch1, G509V and D513Y (corresponding to G495V and D499Y in mouse Ptch1), affect conserved residues required for pumping activity in bacterial RND family members (7); it is unclear, however, how these mutations compromise Ptch1. To test for possible defects in mouse Ptch1G495V and Ptch1D499Y, we examined their interaction with palm-Shh22. The two mutants, tagged with eGFP, were stably expressed in Ptch1-null cells. Similar to wild-type Ptch1, both Ptch1G495V and Ptch1D499Y localize to cilia in untreated cells and disappear from cilia upon addition of Shh (SI Appendix , Fig. S7A ); this indicates that Shh binding and internalization is normal. Ptch1G495V and Ptch1D499Y reverse constitutive Hh signaling in Ptch1-null cells, reducing ciliary Smo (SI Appendix, Fig. S7B ) and Gli1 protein levels (SI Appendix , Fig. S7C ); as expected, Ptch1G495V and Ptch1D499Y are less active than Ptch1 in suppressing Hh signaling. Finally, like wild-type Ptch1, the two GS mutants are inhibited by Shh, leading to activation of Hh signaling (SI Appendix, Fig. S7C ). Ptch1G495V and Ptch1D499Y, however, have dramatically reduced binding to Shh22-HT-TMR (Fig. 6A) and are not photocrosslinked to 15-azi-palm-Shh22-biotin (Fig. 6B) , indicating a profound defect in palmitate-dependent ligand binding. Consistent with this, in Ptch1-null cells rescued with Ptch1G495V or Ptch1D499Y, palm-Shh22 has no effect on Smo (Fig. 6C) or Ptch1 (Fig. 6D ) accumulation in cilia and does not activate signaling (Fig. 6E) .
A defective palmitate-dependent interaction with Shh predicts that Ptch1 GS mutants should respond equally well to palmitoylated and unpalmitoylated Shh. Indeed, Shh and ShhC24S are similarly effective at activating Hh signaling in Ptch1-null cells expressing Ptch1G495V and Ptch1D499Y (Fig. 6 F and G) ; in contrast, cells expressing Ptch1 respond very weakly to ShhC24S. Together, these results suggest that the two GS mutants adopt a conformation with greatly decreased affinity for the palmitoylated N-terminal portion of Shh, hinting at a connection between conformational trapping and reduced Ptch1 activity.
Discussion
In contrast to most signaling pathways, in which the ligand activates its receptor, in Hh signaling the ligand inhibits the Ptch receptor. Similar to many other liganded membrane receptors, Hh-bound Ptch is internalized from the cell surface. An important unanswered question has been how Hh inhibits Ptch. The palmitoylated N-terminal part of Shh is critical for activity, but is not required for high-affinity binding to Ptch1, suggesting its involvement in a signaling step distinct from receptor binding; however, the underlying mechanism is unknown. Here, we demonstrate that a key event initiating Hh signaling in mammalian cells is direct inhibition of Ptch1 by the palmitoylated N-terminal part of Shh, mediated via a novel effector site in Ptch1. We find that a short palmitoylated N-terminal Shh peptide is sufficient to bind Ptch1 and activate signaling; in contrast, the rest of Shh binds Ptch1 at a different site and causes its internalization, but is not required for signaling. Hh pathway activation by the Shh peptide occurs without Ptch1 internalization or degradation, consistent with these processes not being absolutely required for signaling. A point mutation that causes HPE (3) maps to a conserved residue in the Shh peptide (P26) and abolishes its binding to Ptch1 and activity; this demonstrates that engagement of the Ptch1 effector site is necessary for proper Hh signaling and explains the signaling defect of the P26-mutated Shh ligand. (B) Ptch1-null cells, stably expressing the indicated Ptch1 constructs, were incubated with 15-azi-palm-Shh22-biotin (3.5 μM). The cells were UV-irradiated, and photocrosslinking was analyzed by denaturing affinity precipitation with streptavidin, followed by SDS/PAGE and immunoblotting. GSK3β was used as loading control. Ptch1G495V and Ptch1D499Y are not photocrosslinked to 15-azi-palm-Shh22-biotin, in contrast to Ptch1. Ptch1Δloop2, which does not bind palm-Shh22, serves as negative control. (C) Ptch1-null cells rescued with eGFP-tagged Ptch1, Ptch1G495V, or Ptch1D499Y were incubated with control media, Shh, Shh22-HT, or Shh22C24S-HT, and endogenous Smo recruitment to cilia was measured by immunofluorescence and automated image analysis (n > 300 cilia). Ptch1G495V and Ptch1D499Y are impaired in their response to Shh22-HT but respond normally to Shh. (D) As in C, but showing Ptch1 localization at cilia. (E) As in C, but cells were treated with control media, Shh, or palm-Shh22 (5 μM), and Gli3R, Ptch1, and GSK3β were analyzed by immunoblotting. In cells expressing Ptch1G495V and Ptch1D499Y, Gli3R levels decrease in response to Shh but not to palm-Shh22. (F) As in E, but cells were treated with control media, Shh, or ShhC24S. Cells expressing Ptch1G495V and Ptch1D499Y respond to both Shh and ShhC24S, whereas Ptch1 responds preferentially to Shh.
(G) Quantification of the experiment in F.
Our data point to two contacts between Shh and Ptch1. The first contact is mediated by the globular part of Shh, which confers high-affinity binding to Ptch1 (20) . The second contact is mediated by the palmitoylated N-terminal part of Shh and is perhaps of much lower affinity, as suggested by the potency of palmitoylated peptide; this explains why Shh and ShhΔ9 bind Ptch1 with similar affinity (20) . This model is also supported by the finding that high-affinity Ptch1-Shh contact can partially rescue a defective interaction with the N-terminal part of Shh, as illustrated by the P26A mutation, which completely eliminates activity of the palm-ShhNP26A peptide yet does not abolish (although it significantly reduces) activity of ShhP26A ligand. The residual activity of unpalmitoylated Shh can be explained similarly. We speculate that unpalmitoylated Shh binds Ptch1 via the high-affinity site, thus greatly increasing the local concentration of the N-terminal peptide; the latter then inhibits Ptch1 via the low-affinity site, although much less efficiently in the absence of palmitoylation. In isolation, however, the unpalmitoylated N-terminal peptide has undetectable Ptch1 binding and activity. Finally, the behavior of ShhΔ9 can be understood in this context. ShhΔ9 binds the high-affinity site but does not inhibit Ptch1 because it cannot engage the low-affinity site; this also explains why ShhΔ9 acts as dominant-negative toward wild-type Shh (20) . Interestingly, N-terminal modification with other fatty acids in addition to palmitate also increases Shh potency (29); furthermore, Shh in which the N-terminal cysteine is replaced by two isoleucines (ShhC24II) is significantly more potent than the unmodified ligand (29) . We speculate that the palmitate-binding site in Ptch1 can interact with a wide range of hydrophobic moieties, explaining the increased potency of Shh thus modified.
Where is the palmitate-binding site in Ptch1? The crystal structure of Shh (21) shows that the N-terminal peptide adopts an extended conformation (Fig. 7A) such that the first residue projects about 30 Å away from the rest of the protein; this indicates that perhaps the palmitoyl moiety binds Ptch1 at a significant distance from where the globular part of Shh binds. It is possible that the entire Shh-Ptch1 contact occurs over a single, extended site on Ptch1; this is supported by the fact that interactions between Shh and Ptch1 require loop2 of Ptch1. However, structural studies of Shh-Ptch1 interaction will be needed to resolve this issue and to define the palmitate-binding site.
The Shh-Ptch1 interaction is reminiscent of the interaction between Wnt ligands and Frizzled (Fz) receptors. Like Shh, Wnt proteins are palmitoylated, which is critical for their activity (30) . Structural analysis of Xenopus Wnt8 (xWnt8) bound to the extracellular, cysteine-rich domain (CRD) of mouse Frizzled 8 (mFz8) (31) shows that the high-affinity interaction results from a two-pronged contact: the palmitoyl moiety of xWnt8, located at the tip of a "thumb," occupies a groove on mFz8CRD (site 1), whereas the C-terminal domain of xWnt8 forms an "index finger" that binds to the opposite surface of mFz8CRD (site 2). A possible difference between Wnt-Fz and Shh-Ptch1 interactions might be the role of palmitoyl moieties. Palmitate is important for xWnt8 binding to mFz8CRD, but mFz8CRD conformation does not change upon ligand binding (31) ; this suggests that palmitate is perhaps not directly involved in Fz activation. In contrast, the palmitoylated N terminus of Shh is critical for inhibition of Ptch1, and we speculate that it induces a conformational change in Ptch1 (see below).
How does Shh inhibit Ptch1? We envision the following possible scenario. Secreted Shh reaches the responding cell, where perhaps it first binds to the coreceptors Cdon, Boc, or Gas1 (32, 33) on the cell surface; interestingly, the coreceptors do not localize to cilia (34) , where Ptch1 is concentrated. Shh is then somehow delivered to Ptch1 at the primary cilium (12), binding Ptch1 via high-affinity palmitate-independent interaction. Shh subsequently uses its palmitoylated N-terminal portion to contact the effector site of Ptch1. The high-affinity interaction ensures that Shh is active at low concentration, but it is interaction via the effector site that inhibits Ptch1; indeed, high concentration of palm-Shh22 peptide is sufficient to activate Hh signaling, bypassing palmitate-independent interaction.
Based on subcellular localization and activity, different forms of Ptch1 can be distinguished: (i) unliganded Ptch1, which is active and localizes to cilia; (ii) Ptch1 bound to ShhΔ9, which is active but is internalized; (iii) Ptch1 bound to palm-Shh22, which is inactive and accumulates in cilia above levels of unliganded Ptch1; and (iv) Ptch1 bound to Shh, which is inactive and internalized. We speculate that these forms of Ptch1 correspond to distinct conformations and that, reminiscent of bacterial RND pumps, Ptch1 might exert its Smo-suppressing activity by conformational cycling. In this model (Fig. 7B) , Shh binds Ptch1 and engages the effector site, which traps Ptch1 in one conformation, thus inhibiting it by interrupting its hypothetical conformational cycle.
The behavior of Ptch1 mutants that cause GS can also be understood in light of this model. We find that two of the most oncogenic mutants, mouse Ptch1G495V and Ptch1D499Y, which retain just over 10% of wild-type activity (7), are severely compromised in binding palm-Shh22, although they bind Shh. We speculate that this indicates the mutants are trapped in a conformation distinct from wild-type Ptch1 (Fig. 7B) ; it must be emphasized that trapping is not complete, as the mutants retain significant activity and they still respond to ligand. However, we propose that stabilizing any Ptch1 conformation relative to others will reduce activity. Many aspects of this mechanism remain to be elucidated, especially the structural basis of different Ptch1 conformations.
An unresolved issue is the role of Ptch1 internalization in Hh signaling. In principle, Shh could inhibit Ptch1 by a dual mechanism: direct inhibition and removal from cilia by internalization. However, internalization is not necessary for Ptch1 inhibition (35) . Furthermore, internalization is insufficient for Ptch1 inhibition, as demonstrated by ShhΔ9, which induces robust Ptch1 internalization but is inactive; perhaps low levels of Ptch1 remaining at cilia are sufficient to repress Smo. We speculate that ligand-induced Ptch1 internalization might modulate Hh signaling, A B particularly at nonsaturating levels of ligand or in cells expressing lower levels of Ptch1. Quantitative studies of signaling in different cell types will be important for determining if Ptch1 internalization contributes to Hh pathway output.
Materials and Methods
Reagents. The following small molecules were obtained commercially: SAG from Axxora (≥98%) and SANT1 from Calbiochem (≥95%).
Chemical Synthesis. Synthesis and characterization of the photoreactive palmitic acid analog, 15-azi-hexadecanoic acid, is described in SI Appendix, SI Materials and Methods.
Synthetic Peptides. Peptides were custom-synthesized by solid-phase synthesis and were purified by HPLC to greater than 90% purity (Biomatik and Massachusetts General Hospital Peptide/Protein Core Facility). To generate photoreactive peptides, the peptides were first synthesized on solid support with a biotinyl moiety attached to the e-amino group of a C-terminal lysine residue. The deprotected N-terminal α-amino group of the peptide was then acylated with fivefold excess of 15-azi-hexadecanoic acid under standard conditions. The peptide was deprotected and released from solid phase, after which it was HPLC-purified and converted to chloride salt (final purity ≥98%). HPLC traces and mass spectrometric analysis of synthetic peptides is shown in SI Appendix, Fig. S1 .
Cell Culture and Stable Cell Lines. 3T3Flp-In (Life Technologies) and Shh Light II reporter cells were grown in Dulbecco's Modified Eagle's Medium (DMEM) with 10% bovine calf serum, penicillin, and streptomycin. Human 293T cells and mouse embryonic fibroblasts (MEFs) were grown in DMEM with 10% FBS, penicillin, and streptomycin. Lentiviruses were packaged in 293T using standard methods and were used to generate stable 3T3 and MEF lines by infection followed by selection with blasticidin, as described (36) . Alternatively, 3T3Flp-In cells stably expressing various constructs were generated using the Flp-In System (Life Technologies), according to manufacturer's instructions. Expression of tagged constructs was confirmed by immunofluorescence, immunoblotting, and by Hh activity assays.
Antibodies. Anti-mouse Smo and anti-mCherry antibodies have been described before (37) . Other antibodies used in this study were the following: mouse anti-acetylated tubulin (Sigma), rat anti-HA (Roche), goat anti-GFP (Rockland), goat anti-human Gli1 (R&D Systems), goat anti-human Gli3 (R&D Systems), mouse anti-GSK3β (BD Biosciences).
DNA Constructs. Expression constructs were generated by overlapping PCR and were subcloned into lentiviral production vector or into pEF5-FRT (Life Technologies). Membrane proteins were C-terminally tagged with mCherry, eGFP, or one copy of the influenza HA epitope, as indicated. The constructs encoding membrane proteins used in this study were the following: fulllength mouse Patched1 (Ptch1) and point mutants thereof; Ptch1Δloop2 Production of Secreted Fusions and Shh Ligands. Secreted proteins were produced in 293T cells by transient transfection and were collected for 48 h in DMEM, without serum. The conditioned media was concentrated, and was used in reporter assays diluted in fresh DMEM. For the experiment in SI Appendix, Fig. S6C , cholesterol-modified Shh proteins were released in serum-free media by Xenopus tropicalis Scube2 protein, as described (36) . For comparing different secreted proteins, conditioned media were normalized based on Western blotting with anti-HA or anti-Shh antibodies. To generate fluorescent HT fusions, the concentrated conditioned media was incubated with 100 μM TMR Halo ligand (Promega) for 30 min at room temperature. Labeled HT fusion was separated from excess Halo ligand on a NAP-5 desalting column (GE Healthcare).
Hh Reporter Assays. Hh pathway activity was measured using Shh Light II cells, which express firefly luciferase from an Hh-responsive promoter and Renilla luciferase from a constitutive promoter. Confluent cell cultures were treated for 30 h with the desired agents in DMEM. Firefly and Renilla luciferase were measured using Dual-Glo system (Promega) and a VICTOR2 plate reader (Wallac). Activity is expressed as a ratio of firefly to Renilla counts, normalized to 1 for untreated cells. All reporter assay experiments were performed at least twice. For all experiments, three biological replicates were performed for each treatment. Data points represent the mean, with error bars showing the SD. Dose-response curves were plotted in Prism (GraphPad), using nonlinear regression to a four-parameter curve.
Quantitative RT-PCR. Confluent cell cultures were starved overnight and were then treated with the desired agents in DMEM for 24 h. Total RNA was extracted using RNA-Bee (TelTest), treated with RQ1 DNase (Promega), and purified by another round of RNA-Bee extraction. cDNA was synthesized using Transcriptor reverse transcriptase and random hexamers (Roche). Realtime PCR was performed using FastStart SYBR Green Master reagent (Roche) on a Rotor-Gene 6000 (Corbett Robotics). Gli1 transcript was used as a measure of Hh pathway activity, normalized to Rpl27 transcript. The primers used for amplification of mouse Gli1 transcript were 5′-GGCCAATCA-CAAGTCAAGGT-3′ and 5′-TTCAGGAGGAGGGTACAACG-3′; for amplification of mouse L27 transcript, they primers were 5′-GTCGAGATGGGCAAGTTCAT-3′ and 5′-GCTTGGCGATCTTCTTCTTG-3′. For all quantitative PCR experiments, three biological replicates were performed for each treatment. Data points show the mean with error bars indicating SD.
Immunofluorescence. Cells plated on glass coverslips were incubated overnight with the desired factors in DMEM. For acute treatments (<6 h), cells were starved overnight before treatment. Cells were fixed in 3.7% (wt/vol) formaldehyde in PBS, permeabilized with TBST (TBS + 0.2% Triton X-100), and blocked with 25 mg/mL BSA in TBST (TBST-BSA). Antibody incubations were performed in TBST-BSA with intervening TBST washes. The primary antibodies used were the following: mouse anti-acetylated tubulin (Sigma, 1:3,000 dilution), rabbit anti-mCherry (2 μg/mL), goat anti-GFP (2 μg/mL), and goat antimouse Smo (2 μg/mL). Alexa-conjugated secondary antibodies (Life Sciences) were used at 1 μg/mL.
Ciliary Localization Measurements. Immunofluorescence images were acquired on an automated TE2000E microscope (Nikon) equipped with an OrcaER camera (Hamamatsu), using 40× Plan Apo 0.95 N.A. or 100× Plan Apo 1.4 N.A. objectives (Nikon). For quantifying ciliary localization, cilia were segmented based on acetylated tubulin images, and fluorescence intensities of Ptch1-eGFP or endogenous mouse Smo at cilia were calculated using custom image analysis software implemented in MATLAB, as previously described (37) . Ptch1-eGFP and Smo intensities at cilia are presented as box plots that indicate the median and the 25th and 75th percentiles of a population of n > 300 cilia for each condition. For select experiments, cilia were manually scored and represented as the mean of three separate counts of n = 30 cilia for each condition. Error bars represent SD.
Cell-Binding Assays. Binding of fluorescent HT fusions to primary cilia was assayed by live imaging, using a 100× PlanApo 1.4 N.A. objective (Nikon). Cells stably expressing C-terminally eGFP-tagged ciliary protein were incubated with TMR-labeled HT fusion (750 ng/mL final concentration in phenol red-free DMEM) for 30 min before imaging. For competition, synthetic peptides were added to 5 μM, and unlabeled HT fusions were added in 40-fold excess over TMR-labeled HT fusion. GFP and TMR fluorescence were measured in a region manually drawn around each cilium. For background subtraction, fluorescence was measured in an identical region elsewhere in the image. Relative TMR intensity, defined as the average TMR intensity divided by GFP intensity, was calculated for each cilium. Relative TMR intensity for each condition was normalized to binding of Shh22-HT-TMR to Ptch1-eGFP, which was designated as 100%. Each data point represents the mean relative TMR intensity of five or more cilia with error bars representing SE.
Immunoblotting. Harvested cells were resuspended in TBS supplemented with protease inhibitors (Roche), 5 mM magnesium chloride, and benzonase. Cells were lysed in 1% SDS for 15 min at room temperature. The lysate was clarified by centrifugation at 20,000 × g for 10 min. The supernatant was mixed with SDS/PAGE sample buffer and 50 mM DTT, separated on a 5-15% (wt/vol) polyacrylamide gradient gel, and transferred to nitrocellulose membrane. The primary antibodies for immunoblotting were used at a concentration of 1 μg/mL in TBST with 5% (wt/vol) nonfat dry milk.
Photocrosslinking. Confluent cultures of NIH 3T3 or Ptch1-null cells, stably expressing various Ptch1 constructs, were starved overnight and incubated in DMEM with 3.5 μM photoreactive peptide (15-azi-palm-Shh22-biotin) or negative control peptide (palm-Shh22-biotin) in the absence or the presence of competitor peptide (palm-Shh22, 10 μM), for 1 h at 37°C. Cells were washed with DMEM to remove excess peptide, UV-irradiated on ice for 15 min, and then lysed in TBS with 1% SDS, as described for immunoblotting. The clarified lysate was diluted with TBS with Triton X-100 to final concentrations of 2% (vol/vol) Triton X-100 and 0.2% SDS, and equal amounts of protein were incubated with streptavidin beads (Pierce). After washing with TBS with 2% (vol/vol) Triton X-100, material bound to beads was eluted by boiling in sample buffer supplemented with 50 mM DTT. The eluate was analyzed by SDS/PAGE, followed by immunoblotting with anti-GFP (Rockland) or anti-HA (Roche) antibodies. A lysate portion was analyzed for input.
Nondenaturing Pull Down. 293T cells expressing Ptch1-mCherry were incubated with peptides (3.5 μM), as described for photocrosslinking. The cells were lysed in TBS with 1% Triton X-100, and the clarified lysate was bound to streptavidin beads. After washing with lysis buffer, precipitated material was eluted and analyzed as described for photocrosslinking, using anti-mCherry antibodies.
